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This paper presents a quantitative approach fo the problem of determining
design capacity and field dimensions of underground coal mines using room-
and-pillar mining systems, In evaluating these design variables, relationships
among mining costs, number of production sections in mines, location of cen-
tral shafts, mine field dimensions, section production, mine output, and cost
of production losses due to underground man-traveling are analyzed. Thereby
the unit cost of coal is expressed as a function of the design variables as well
as input parameters such as seam angle, seam thickness, scam depth,
underground traveling speed of men, mine recovery and plant recovery. The
problem is then formulated as a nonlinear optimization model in terms of
minimizing the unit cost of coal subject to a set of constraints and solved
analytically for flat seams and numerically for inclined seams. Sensitivity
analysis of the variables is also included in the paper.

Introduction

The determination of mine design capacity
and mine field dimensions wunder various
mining condlticons is of primary importance
to the cconomics of develeping and subse-
qucntly operating an underground coal mine.
For example, an overrated design capacity of
the mine can immobilize a large amount of
capital; oversized dimensions of the mine
ficld can lead to decreased availability of
working time at faces and increased costs
for mine wventilation, underground materi-
als handling, and roadway maintenance. Un-
dersized mine field dimensions, on the other
hand, bring about frequent new mine develop-
ments which are of course costly, especially
considering that minable c¢oal seams become
deeper and deeper as the rcsource depletes.
An improper selection of location for the
production shaft can result in increased

capital and operating costs. Decisions re-

lated to the problem of determining mine
shaft location, mine field dIimensions, and
mine design capacity have a long-term cffect
on the overall economics of underground coal
mine opcrations, and a well-planned approach
to the problem can yield substantial mone-
tary savings.

This paper prescnts a quantitative ap-
precach to the problem of determining mine

deslgn capacity and mine ficld dimensions.

Formulation of the problem

Cost-size relationship
In order to formulate the problem, the re-
lationship betwecn mining cost and mine sizc

needs to be quantified.

Data
To derive the quantitative relationship

between mining cost and mine size, use was
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made of the cost estimates for hypothetical
drift mines with the number of sections in a
mine ranging from 2 to 24, extracting scams
of 1.83 meters, lying 229 meters below tho
surface as accounted in the literature.l’ 2
Through a statistical analysis of the data,
capital cost (Bc) and operating cost (Bo) in
1877 U.5. dollars for the base-casze drift
mines are expressed as functions of the num-

ber of production sections in mines (8):

o 0.9

iy 2394200 S

I

[la]

and

B 2628200 si-9, [1b]

o
It is noted that the data, though quite

old, does serve the purpose of analyzing the
problem. For a more accurate modeling, how-
aver, the data may need to be adjusted to
current price levols using historical infla-
tion data or preferably current data need to

be usged.

Effect of seam thickness on mining cosls

Scam thickness influences mining costs. In
a thin seam, more exteneive workings have to
be developed and a greater area of ground
has to be mined in order to achieve the same
mine oufput as that from a thicker seam. As
a result, those costs related to the extent
of extraction are increased. For example,
costs for conveyor belts, rail track, water
and power lines, haulage of coal, rocks, and
supplies, wventilation, entry construction,
roadway maintenance, spillage cleaning and
rock dusting become greater in thinner coal
seams. To take the effect of seam thickness
inte account, adjusting capital cost L)
and opcrating cost (TO) are estimated as

T
c

]

19685000(1.83 - m) [2a]
and

To

574000(1.83 - m} [2b]

where m is s=eam thickness.2 These adjust-

ments will be added to the base-case costs.

Effect of seam depth

The effect of seam depth on mining costs
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results primarily from the variation in the
length of access openings. For deeper coal
scams, the capital cost for shaft sinking
and hoist faciliticg becomes greater, In
addition, ccal hoisting, men and =supplies
transporting , and minc veantilation become
more egpensive. Deep seams may also require
heavier, thus more costly supports than do
shallow =scams.

The cost for shaft sinking varies depend-
ing on geological conditions and geotechnic-
al properties of the strata through which
the shaft is sunk, sinking methods used,
lining requirements, length of shaft, and
sectional area of the shaft. Bacause the
sectional area of shaft is dependent on the
mine capacity, so also is the shaft sinking
cost.

The shaft sinking cost (Sc) is estimated
to be

Sc = -3650000 + 49213(h + btana}, [3a]
where h is the depth of seam at the shallow-
er boundary of the property, b is the hori-
zontal distance of the production shaft from
the shallower boundary of mine field along
the dip direction, and o is thce inclination
of seam (shown in Figure 1).

The operating cost for coal hoisting is
formulated as

S0 = ceA(h + btana), [3B]
where R is the cost for hoisting a unit of
coal along a unit length of shaft and A is
the annual mine output.

Cosis for cleaning and loading facilities

Coal cleaning rcosts depend on the degree
of c¢leaning and the tonnage of raw coal
feed. Kate112 has supgested a cost to size
factor of 0.96 For the capital cost (Pc) and
0.85 for the operating cost (PO), that is,

P, = K% % [4a]
and

g o= K A8, [4b]

where Kc and K0 are constants for a speci-

fied degree of cleaning.
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FIGURE 1. General layout of thc mine

In addition, according to Katellz, loading
facilities add 2% to the capital cost and 1%

to the operating cost.

Cost-size relationship
In aummary, the cost-gize relationships
arc derived through a statistical analysis
of the U.S. Bureau of Mines and the Energy
Information Administration cost estimates
for hypothetical drift mines. Cost adjust-
ments are made for shaft mines extracting
seams with wvarious thicknesses and depths
and having surface loading and cleaning
facilities. The cost-size relationship for
the capital cost (Cc) is
C, = (1 +0.02)(B, + T, + 5, + B,) [5al
and that for the operating cost (C_ ) is
Cy, = (1 + O.OL)(B0 + T, + 8, + B ). [5D]
Assuming a mine life of T years and an in-
terest vate of I and summing up the annual

capital and operating costs, one obtains the

annual cost for the extraction and process-

ing of coal as
Ct = iTCC " CO [6]
where iT is the equal-payment-series capital

recovery factor,

Locating a production shaft

The problem of locating the central shafts
and surface facillities within the mine field
serves as the basis upon which the problem
of determining the mine field dimensions and
desipgn capacity is approached,

Many factors may affect the location of
production shaft and central surface faclli-
ties. Among them are costs for underground
haulage of coal and rocks, transportation of
men and supplies, ventilation, and roadway
maintcnance. Other factors include inclina-
ticn of the seam, distribution of coal over
the scam, gcology and hydrology of the sur-
rounding strata, surface topography, and
closencss of rovads and water and peower sup-
plies.

In the analysis, it is assumed that the
thickness of seam and the angle of inclina-
tion are constant, the geology and hydrolopy
of overlying strata are uniform owver the
mine field, and the influence of distanccs
to accessible rail and roads and water and
power supplies Is ncgligible.

It is also assumed that the shape of mine
field is rectangular, the boundaries of mine
field are parallel or perpendicular to the
strike or dip direction of the seam, and all
underground haulage roadways are developed
either along or across the strike. In other
words, coal, men, and supplies are trans-
ported along orthogonal sets of openings and
the transportation distances are rectilin-
car,

Under these conditions, the location of
production shaft and central surface facili-
tles can be determined by analyzing costs
for transportation of coal, men, and sup-

plies. As a result, the optimal shaft loca-
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tion in terms of minimizing the cost for

underground trauspertaticn can be found to

he at

a = xf2 [7al
and

b = gooy = azfx, [7B]

where x 1s the mine field dimension along
the strike, y is that across it, and a; and
a, are constants.3

It may be inferred that the inclusion of
costs for mine ventilation and roadway main-
tenance would change the optimal location of
shaft as determined above. However, the de-
viation 1is usually insignificant because
these costs are relatively small compared to
the cost for transportation. This is true
especially when the inclination of seam is
small and the productien shaft is located
approximately at the center of the mine
field because it can be shown that for flat
gcams, a centrally-located shaft is the most
favorable in terms of minimizing the costs

for mine wventilation and roadway mainte-

naice . 2

Nuinber of production sections in mines

Let the production rate (p) be defined as
the production per unit of productive time.
Then the section production per shift can be
evaluated as

P, =pT

8 D - Ty - Td)Ps (8]

where p ig an efficiency factor and Tp is

p = p(Ty - Ty,

the productive shift time which equals the
total shift time (TS) less the lunch break
time (TL), the time spent on traveling to
and from the face (Tt), and the total shift
delay time (Td).

It is important te note that Tt is a func-

tion of mine field dimensions. The travel-
ing time can be evaluated as
T, = 2(D)"vt s Tw)’ [9}

where v, is the travelling speed of men, T.;
is the waiting time during transporting men

into or out of the mine, and D is the ton-
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nage-weighted average of distances from the
portal to faces throughout the life of mine.
This average distance can be evaluated as
D= [x/2 + Ay + Ay/x + Ay/(x%y)1/2 [10]
where Ai for i from 1 to 3 is a constant in-
dependent of x and y.3
New, the number of production sections
needed to attain a certain level of mine

output (A) can be determined as

5

[}

Af(dsnPS), {i1]
where 4 is the number of days worked in a
year, s is the pumber of shifts per day, and
n is a factor which takes into account the
effecct of delays occurring in the outby
transportation systems on the mine output.
Note that in deriving the number of pro-
duction sections, it has been assumced that
the mine output is proportiocnal to the num-
ber of producticn scctions in mines. HNatu-

rally, the number of production sections in

mines increases with the output of mines.
But the increase in the number of secctions
may not be proportional to the mine output,
Generally, the number of sections 1in mines
agxponentially increases with the oubtput of
mines at an increaszing rate of change. The
reason for the nonlinearity is that as the
number of production scections increases, the
managing of the coal mining system becomes
less cffeoctive, the logistics of underground
coal mining becomes more complicated, and
delays outby the sections are expected to
ccecur motre often. TFor simplicity, however,
a linear relationship between the number of

gsections and the output of mines has been

assumed as often the case.

Cost of production losses

In a previous section, mining costs were
dealt with. To be specific, the tangible
costs, that is, equipment investment, labor
cost, and supplies and power costs were
estimated. For a more detailed analysis,

however, it is necessary to include intangi-
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ble costs as well. The most important com-
poncnt of intangible costs results from pro-
duction losses due to the time wasted on men
travelling underground. One may increase
underground man-transporting speeds or lim-
it mine field dimensions to achieve the min-
imum loss of available face time and waste
of costly Llabor. The cost of production
losses resulting from reduced available face
time due to oversgized mine field dimensions
may be evaluated as follows.

Let ¢, be the unit c¢ost of production

L
loss, that dis, the difference between the
price of salable coal and the cost for ex-
tracting and processing the cocal. Then the
cost due to production losses in a shift is

Cop, = Ty My, P Ty Cp [12]

where r  is the plant recovery and my,  is

P
the system availability.

Therefore the cost
of production losses for each unit of coal
is

Cur, = T Mgy P g ep /(Bg rp) {13]
and the annual cost of production losses is

CL = A Ty Tt My, P rp cL!(PS rp). [14}]

Formulation of the problem
Adding the cost of production loszses to
the cost for equipment, labor, and power and
supplies results in the total annual cost
Cp = igCq + €, + Cp. [15]
Dividing the annual salable coal, which is
sequal Lo rPA, inte the total annual cost
(CT), the total cost for a unit of salable
coal (C,) can be expressed as a function of
®, y, and A, denoted as
C, = £(x,y,A). [16]
The problem of determining the field di-
mensions and design capacity of a mine is
then formulated in terms of finding x, vy,
and A such that the cost for a unit of sal-
able coal is minimized under the condition
that the annual mine output equals the ton-

nage of recoverable coal in the property

divided by the life of mine. Mathematically,

the problem is

min. C, = £(x,y,A) [17a]
s.t. A = r Yxym/(Tcosa) [17b]
and x,y » 0. [17c}

Solution of the problem

Analytical solution for a special case

The problem can be solved analytically un-

der the condition that the inclinatiocn angle
of coal seam is zero. An analytical solu-
tion of this special case is important in
that it demonstrates how the objective func-
tion behaves, provides guidance in selecting
a method for solving the general problem in
which the dip angle of scam is not zere, and
serves as a test problem for the programmed
algorithm which is used to sclve the pgeneral
problem.

The following input wvalues are used in

solving the problem:

m = 1.83nm a =0 3
h =229 m ¥y = 1.345 t/m

Cg = 30.001085ftfm p = 0.90

T = 20 yr n = 0.90

d = 220 days/yr T, = 270 s

s = 2 shifts/day ve = 1.732 m/s

i = 10% Ts = 28800 =

L gS.Blft Tt = 3600 s

v = B5% Ty = 1800 s

rP = 50% Tq = 6600 s

It can be analytically found that with a
processing plant, the optimal mine field
dimensions, mine desgign capacity, and unit
cost of salable coal, respectively, are

X=y = 6,053 m,
A = 2,253,834 t/yr,
and
C, = $22.75/t;
and without a processing plant,
X =y = 4,432 m,
A = 1,208,350 t/yr,
and

C, = $14.50/t.

Numerical solution of the problem
To solve the general problem in which the

inclination angle of seam does not equal
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zeéro, numecrical methods must be used and
three additional pieces of information are
required, namely, the unit costs (3/t/m) for
transporting aleong horizontal haulage ways,
upward and downward along inclined haulage

ways, denoted by Cps © and c,4, Trespec-

ur
tively.

The problem was solved on an IBM personal
computer using the Newton method and the
Davidon-Fleteher-Powell multidimensional
search algorithm. Given that a=5°, cp =
0.001085, ¢ = 0.001121, and ¢y = 0.001049,
it was found that with a processing plant,
the optimal mine ficld dimensions along the
strike and the dip, mine design capacity,

and unit cost of coal, respectively, were

X

A

7,654 m and y = 4,678 m,
2,202,523 t/yr,

i

and
C, = $23.58/¢;
and without a processing plant,

X 5,896 m and vy = 3,052 m,

A 1,106,925 t/yr,

and
C, = $15.19/¢.

Discussion of results

Analysis of sensitivity

To study the effects of input parameters
on mine field dimensions, mine design capa-
city, and unit cost of coal, an analysis of
sensitivity was conducted by solving the
problem under various mining conditions.
This was made possible by repeating the exe-
cution of the problem on an IBM personal
computer with one parameter varicd in a
range of possible values and the others kept
fixed at a valuec commonly found in practice.
These fixed wvalues are the same as those

used in the special case except that instead

of 229 m, a wvalue of 457 m is used as the
depth of seam in the sensitivity analysis.

The input parameters that were individual-

ly analyzed include secam angle, seam depth,
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seam thickness, underground travel speed of
men, mine recovery, and plant recovery. The
results from analyzing the effects of these
input parameters on the optimal mine ficld
dimensions, minc design capacity, and unit

cost of coal arc given in Table 1 to 6.

Discussion of resulis

Some observations canm be made on the indi-
vidual offects of the J{nput parameters on
mine field dimensions, design capacity, and

unit cost of coal.

Seam angle

The inclination angle of seam affccts the
optimal shape of thce mine field. When the
seam is flat, a squarc shape 1s most favora-
ble. As the inclination angle is increascd
from 0 to 6 degrees, the ratio of the opti-
mal field dimension along the strike to that
acress it changes from 1 to 1.6 and the min-
imum unit cost increases from §23.62/t to
$24.59/¢,

TABLE 1.

Effects of seam angle (@) on the optima

a(®  x (m) y (m) A (t/ly) C  (§/t)
0 7,156 7,136 3,149,325 23,62
2 7,941 6,508 3,178,604 24,01
4 8,490 5,990 3,129,000 24.33
6 8,862 5,553 3,026,352 24.59

Seam thickness

As the thickness of seam is increased from
1.22 to 2.44m, the optimal mine field dimen-
sions decrease from 8,019 to 5,745m at an
increasing rate of change and the minimum
cost decreases from $30.30/t to $18.58/t at

a decreasing rate of change.

TABLE 2.

Effects of seam thickness (m) on the optima

m {m) =y (m) A (t/ly) c, (§/v)
122 8,019 2,636,906 33.30
152 7,621 2,976,891 i i
1.83 7,136 3,149,325 23,62
2.13 6,577 3,103,637 20.78
2. 44 5,745 2,707,000 18.58
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Seam depth

As Che depth of seam is inereased from 229
to 838m, the optimal mine field dimensicns,
mine desipn capacity, and the wmipimum cost
of coal increase from 6,053 to 8,26%9m, from
2.25 to 4.21 million tfyr, and from $22.75/t
to $24.83/t at a decreasing rate of change,

respectively.

TABLE 3,

Effects of seam depth {(h) on the optima

h (m) x=y (m) A (t/y) c, 8/t
229 6,053 2,253,834 22.75
381 6,851 2,886,596 23.35
533 7,424 3,389,571 23.88
686 7,882 3,821,175 24.37
838 8,269 4,205,589 24.83

Traveling speed

Az the underground traveling speed of men
is increased from i.5240 to 1.9034m/s, the
optimal mine £icld dimenszions and design
capacity increase from 6,639 to 7,632 m and
from 2,71 to 3.58 million t/yr at an approx-
imately constant rate of change, respective-
ly, but the minimum cost of coal decreases

from $24.11/t to $23.23/t.

TABLE 4.

Effects of travel speed (vt) on the optima

ve (m/s8)  x=y (m) A (t/y) ¢, (§/t)
1.5240 6,639 2,710,930 24,11
1.6256 6,894 2,922,906 23.86
1.7272 7,144 3,138,859 23,63
1.8288 7,390 3,358,811 23.42
1.9304 7,632 3,582,778 7% Rl

Mine recovery

As the recovery of coal is increased from
30% to 90%, the optimal mine field dimen-
sions apd the minimum cost of coal decrease
from 7,156 to 6,367m and from $23.62/t to
$22.60/t at a decreasing rate of change, re-
spectively, but the optimal design capacity
increases from 3.15 to 4.49 million t/yr at

an approximately constant rate of change.

TABLE 3.

Effects of mine recovery (rm) on the optima

r, ()  x=y (m) A (t/y) ¢, (§/v)
50 7156 3,149,325 23.62
60 6,896 3,500,555 23.29
70 6,687 3 859 914 23.02
80 6,514 4,175,407 22.79
90 6,367 4,487,978 22.60

Plant recovery

As the recovery of plant is inecreased from
80% to 100%, the optimal field dimensions,
mine design capacity, and unit cost of coal
decrease from 7,%90 to 5,902 m, from 3.93 to
2.14 million t/yr, and from $28.96/t to
515.56/t at a decreasing rate of change,

regpectively.

TABLE 6.

Effects of plant recovery (rp) on the optima

r, (&) x=y (m} A (t/y) ¢, (8/%)
80 7,990 3,996,155 28.96
85 7,156 3. 149.325 23.62
95 6,322 2. 458,349 18.05

100 5902 2,142,715 15.56
Conclusions

The study indicates that the optimal mine
field dimensions increase with seam depth
and traveling epeed of men and decrease with
seam Lhickness, mine recovery, and plant
recovery; the minimum wunit cost of c¢oal
increases with seam depth and scam angle and
decreases with s=zeam thieckness, traveling
speed, mine recovery, and plant recovery;
and the optimal mine design capacity
increases with seam depth, traveling speed,
and mine recovery and decreases with plant
YeCcovery.

When the scam is f£lat, a square shape of
mine f£ield is most favorable and as the scam
angle increases the ratic of the optimal
ficld dimension along the strike to that
acrogs it becomes larger. It is intercsting

to notice that the optimal design capacity
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does mnot vary monotonically but concavely
with seam thickness or seam aagle.

Also, it appears that the plant recovery
and the seam thickness have a significant
effect on the minimum upit cost of salahle
coal even though the unit cost of coal is
insensitive to the field dimensions and
design capacity.

Finally, By building such a gquantitative
model, the optimal mine lifc can be deter-
mined and the effects of other input parame-
ters such as the rate of interest on the
mine design capacity, mine field dimensions,
mine service life, and the unit cost of coal
can bec analyzed.

It =hould be mentioned that the optimal
solution from the gquantitative analysis is
not intended to be the terminal decision
because some gqualitative factors affecting
the evaluation of mine field dimensions and
design capacity were not incorporated into
the analytical formulation. Instead, the
quantitative smolution is expected to serve
as a useful aid in reaching the right deci-
sion concerning the design of underground
coal mines. The methodology presented here
can be an important step toward increased
applications of quantitative methods in de-

signing underground coal mines.
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